This paper is a report on the mathematical analysis and working principle of a wide color gamut autostereoscopic 2D-3D switchable display based on the dynamic subpixel arrangement method. The display prototype discussed in the paper has three major distinctions. First, the use of dynamic subpixel arrangement method and eye-tracking system has improved its performances in the resolution, crosstalk and 2D/3D switching statistics. Second, a design of Quantum-Dot-Polymer (QDP) film and optical layer combined backlight has enhanced its viewing angle and color gamut. Third, the application of parallel computing to the dynamic subpixel arrangement method has improved its real-time performance. Base on observation from finished fabrication and experiment, this prototype has already demonstrated noticeable enhancement in terms of color gamut expansion-reaching 77.98% according to ITU-R Recommendation BT.2020 (Rec.2020), and crosstalk reduction-with the minimum crosstalk rate at nearly 6%. Close comparison with two other commercial 3D displays (BENQ XL2707-B and View Sonic VX2268WM) are also presented in the paper for sufficiency.
I. INTRODUCTION
Since its creation, three-dimensional (3D) display has been attracting uninterrupted attention from academia and businesses. It is believed that, compared with traditional displays [1] , 3D devices offer better viewing experience with depth information.
Among a range of 3D displays, typical stereoscopic ones equipped with auxiliary glasses (e.g. active shutter glasses [2] , [3] or polarized glasses [4] - [6] ) are frequently chosen for relatively low crosstalk rate. Modern active shutter 3D glasses consist of two individual voltage-activated shutter lenses. The shutter lens is made by liquid crystal. As those transparent lenses would turn opaque at a voltage to block the view, when a vertical synchronization signal aligned with screen refresh rate appropriately controls the alternate voltage, 3D display could be delivered through. Polarized glasses are commonly chosen by 3D cinemas. When they The associate editor coordinating the review of this manuscript and approving it for publication was You Yang . are equipped with silver or aluminized screens, polarization could be well reserved and the crosstalk is quite low.
However, limitations as inconvenience of wearing glasses and noticeable brightness loss are hindering stereoscopy's development especially with the rise of the autostereoscopic display researches. Spatial-multiplexed displays which utilize lenticular lens [7] - [9] and parallax barrier [10] - [12] are examples already in wide use. Although, these solutions are still faced with inevitable compromise between the viewpoint number and the perceived resolution, narrow viewing angle, crosstalk and incompatible data format. It still could be argued that, the autostereoscopic display technology will be the next-generation technology.
Justification of this argument and some inspiring ideas could already be drawn from former studies: 3D image quality decline of autostereoscopic displays caused by crosstalk and resolution loss could be solved by redesigning subpixel shapes [13] ; while directional backlight solution [14] - [17] , which enables separation of the left-eye and right-eye image, when combined with eye tracking system could largely overcome resolution and crosstalk issues from multiple viewer positions. By now, crosstalk rate of those autostereoscopic displays has been reduced to match stereoscopic ones with auxiliary glasses. Those improvements have laid a solid foundation for wide future application of directional backlight. Conform with those research focuses within the field, this study is intended to further relevant studies on 3D display quality of autostereoscopic devices, including resolution, crosstalk and brightness, and discuss the issues about color gamut [18] - [20] based on our prototype, an updated version of present binocular eye-tracking display.
In the ordinary eye-tracking displays, two images (Left image and Right image) with small parallax are used to produce exit pupils. But these stationary and discontinuous exit pupils, whose distribution in vision is determined by parallax barrier or lenticular lens, will lead to reverse display of two stereo images when a viewer is not on the ideal viewing position.
In 3D display with continuous motion parallax and depth range, in order to tackle the similar issue, we introduce the dynamic subpixel arrangement method to improve viewer experience in motion. i.e. when the viewer moves, the exit pupils will follow the eyes of the viewer by changing the arrangement of the subpixels. While processing the changing eye position information tracked by eye-tracking system, this precise mechanical structure could provide high-resolution, low crosstalk 3D images as the viewer moves in a wide viewing range in Z-direction.
In order to realize the maximum pixel resource of its liquid crystal display (LCD) panel, this prototype adds an optical layer to distribute the light of individual pixel evenly. And data for each pixel is processed independently by parallel computing.
Other features of our solution include: the cost-efficiency design, simpler algorithm, available high performance in 2D mode, and the great commercialization potential. First, compared with the complex equipment used in integral imaging [21] , [22] , light field [23]- [24] , holography [25] , [26] , or other techniques, our prototype appears more economic and efficient, since existing commercial 2D displays as personal monitors, tablets and smartphones could be swiftly updated into a 2D-3D switchable one according to our design. Second, in terms of the algorithm used in different systems, prior algorithms for integral imaging, light field, holography are not simplified enough to provide stable real-time performance, whereas our system has introduced parallel computing to streamline the algorithm, and bring forth a better real-time performance. Third, this display is a 2D/3D switchable one. It could be used in 2D mode at the physical resolution of the LCD panel. Fourth, as the front-facing camera has been designed into most commercial devices in the fields of personal monitors, tablets and smartphones, by which eye-tracking algorithm within our prototype could be easily realized thereupon. This refers to a huge applicability in future.
Based on experimental studies, there are three major discoveries of our prototype. First, the dynamic subpixel arrangement method as an updated reconstruction strategy could reduce crosstalk effects in real-time 3D display. Second, improving real-time performance of the motion parallax could optimize 3D display experience viewed from different positions. Third, the application of Quantum-Dot (QD) material could further enhance the color expression of display by extending its color gamut.
II. SYSTEM CONFIGURARION AND OPERATION PRINCIPLE A. SYSTEM DESCRIPTION
This system is an autostereoscopic display based on the principle of parallax barrier illumination. It mainly consists of a QD backlight, a parallax barrier and a dynamic subpixel arrangement module. As viewing position of the viewer changes, continuous viewing zones will be formed and adjusted accordingly. Fig. 1(a) is a simple despcription of the dislplay. P is the period of the grating, and t LCD pixel pitch. D refers to the distance between the LCD panel and the grating. N is the viewing distance between the viewer and the display. W is the distance between adjacent left and right exit pupil, about 60mm. β = W/t −1 is defined as 3D magnification factor. As shown in Fig. 1(a) , the 3D display based on parallax barrier has an inherent disadvantage: the exit pupil at best viewing distance is stationary. Viewer could perceive correct 3D images only if their two eyes are in the correct viewing zone. i.e. when the left eye moves into the R region and the right eye moves into the L region, Pseudo-Stereo would emerge, as shown in Fig. 1(b) . Theoretically, as the L region and R region at the best viewing position have the same width, the rate of Pseudo-Stereo appearance is 50%.
However, as Fig. 1(c) illustrates, when human eyes remain stable, it's possible to move fused image in either direction to where the correct images of two eyes recovered. Given that every individual pixel is composed of ''RGB'' (Red, Green and Blue) sub-pixels, and correct image display only relies on information integrity regardless of specific order. Pseudo-stereo phenomenon could be avoided if the sub-pixel arrangement order could be adjusted in accordance with the eye position.
Assuming that the human eye does not move at this time and the fused image moves in one direction, the original position of the left image becomes the right image and the original position of the right image becomes the left image, as shown in Fig. 1(c) . After adjustment, the result is that the left eye sees the left image and the right eye sees the right image.
For example, before crosstalk occurs, the fused image could move a single sub-pixel in one direction, changing the arrangement of the subpixels from ''RGB'' to ''BRG'', without compromising the information integrity of the whole pixel unit.
A more specific illustration is shown in Fig. 2.(a) . Capitalized letters ''RGB'' represent the right image, and ''rgb'' represents the left eye's. At position A, the light purple area stands for the correct exit pupil of ''RGB'' (Mode 1) with no crosstalk. But when the right eye moves to the position B, two-thirds of the right image (''GB'') and one-third of the left image (''r''), are seen simultaneously within the dotted-lined area, causing 1/3 crosstalk. In order to avoid this problem, the red subpixel (''r'') is substituted by ''R'' to re-display the correct right eye image (Mode 2), as shown in Fig. 2(b) . The order of subpixels is now changed to ''GBR''. Compared with Mode 1, the whole image moves 1/3 pixel, and the movement of the exit pupil is T = W/6. Corrispondingly, other subpixel arrangement modes could be formed when the eye moves to new postion. In Fig. 3 and Fig. 4 , all six possible display modes are listed in table and illustated repectively.
To be noticed, both clored regions representing correct exit pupils are divided into three parts to better track the movement of eyes with accuracy, as shown in Fig. 4 . Anytime viewer's two eyes are dectected out of the central units (R2 and L2), the subpixel arrangement would soon adapt to prevent Pseudo-Stereo effects.
B. RELATIONSHIP BETWEEN EYE POSITION AND SUBPIXEL ARRANGEMENT MODE
As mentioned above, using six subpixel arrangement modes could deliver correct exit pupils regardless of the eyes' position. It is necessary to analyze how subpixel arrangement mode would work specifically when eye position changes.
In the experiment discussed in this section, Field Programmable Gate Array (FPGA) is used to receive the highspeed video signal and realize the mode switching algorithm. Parallel computing method is used for strict control of time delay.
When experiment begins, a white screen is erected in front of the display at the best viewing position, and two black horizontal lines are drawn in the middle to position the camera screen. Then images fused by pure black and white are played for tests and measurements. But in the left-eye view only pure black images would be seen, and in the right-eye view, only pure white images.
In this setting, exit pupil parameters are determined. When test image 1 (Mode 1) is played, periodic black and white stripes appear on the white screen. Central positions (P 1 -P 4 ) of white stripes of several cycles could be marked on the above horizontal lines; then as test image 2 (Mode 2) played, another set of central positions (S 1 -S 4 ) could be marked, as shown in lower part of Fig. 5 .
The coordinates of P 1 , P 2 , P 3 , P 4 , S 1 , S 2 , S 3 , S 4 can be expressed as P(x i , y i ), i∈ [1, 2, 3, 4] , S(x j , y j ), j∈ [5, 6, 7, 8] . The width of the exit pupil (P) can be calculated by Eqs. (1) . Given that a cycle consists of six subpixel arrangement modes, and the distance between each exit pupil center is p = P/6. Then the slope of those stripes could be calculated by Eqs. (3) and Eqs. (4) .
Assume that P 2 (x 2 , y 2 ) is selected as the reference point, i.e. when mode of P 2 is set as 2 (m = 2). The relationship between mode and coordinates of that viewing point could be written as:
Here, parameter λ is set to indicate the moving direction of the exit pupil. If the central point of exit pupil moves right, λ is set as 1. If it moves left, λ is set as −1.
Thereby, if the viewer's eyes position detected by the eye tracking system is Q (x 0 , y 0 ), the distance between Q and the reference point P 2 could be calculated in Eqs. (6) .
The width of the exit pupil is P and the pattern distribution is periodic. Last, as parameter d and d have the same subpixel arrangement mode (as shown in Eqs. In theory, the relationship between N (the best viewing distance) and D (the distance between parallax barrier and LCD panel) can be described as N= β * D. β stands for the magnification factor. Thus, the best viewing distance (between exit pupil and the display) is pre-determined by the distance between the parallax barrier and the LCD panel.
But this prototype includes a special design. It could adjust the distance between the parallx barrier and the LCD panel to form the most appropriate exit pupil at any viewing point within the Z-direction viewing range. The best viewing distance then becomes a controllable dynamic factor.
D. THE PRINCIPLE OF 2D/3D SWITCHING
In our prototype, the function of 2D/3D switching is based on the use of Polymer Dispersed Liquid Crystal (PDLC) [27] .
It is assumed that, in 2D mode, the PDLC operating as an ordinary diffusion film, would turn slit light source into diffuse one; while the prototype is in 3D mode, the PDLC would turn to be transparent at voltage signals. Several experiments are carried out to justify this design's feasibilty [28] . Table. 1. provides basic information of the LCD panel used in our design. Fig. 6(a) is an aluminum substrate orderly dotted with blue LEDs. Fig. 6(b) shows the assemble order of the parallax barrier, the QDP film and the diffusion film.
III. PROTOTYPE SETUP
The width (W) of the exit pupil is set as 60mm, which is equal to the distance between viewer's two eyes. Parameter P is set as 137.25um. Fig. 7(b) , our prototype is composed of a timing controller, a FPGA, a constant current driver and a stepper motor. The FPGA is used for dynamic subpixel arrangement method, the stepper motor for adjusting the distance between the parallax barrier and the LCD panel. The arrangement of the stepper motor can be seen in the enlarged picture. Fig. 8 shows all exit pupils in 6 modes projected at the best viewing distance on the white screen. Compared with the short black line, the exit pupil will move W/3 (20mm) at each mode switching, and 120mm in a complete circle.
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IV. EXPERIMENT AND RESULT A. THE EVALUATION OF VIEWING ZONE SWITCHING
As illustrated in Fig. 9 , the display card sends the image data by row. With a 3840(RGB) * 2160 resolution and 60Hz (16.66ms) frame rate (see Table. 1.), the transmission time for each row will be 7.72us (16.66ms/2160).
Cluster communication port (COM) is in charge of transmitting the viewer's eye position data from the eye-tracking system to the FPGA. The baud rate of the COM port is set as 115200 bps. The frame rate of the camera is 60Hz and its resolution is 640 * 480.
This design means that, when the data of a new eye position is generated, corresponding mode switching could be completed in 7.72us by the FPGA.
B. THE EVALUATION OF CROSSTALK
As mentioned from the beginning part, viewing experience of 3D displays is greatly influenced by the crosstalk [29] - [31] . To measure 3D display quality, unexpected rays ratio is an important factor.
Crosstalk ratio of the nth view zone in N viewing zones [20] could be defined as Eqs. (10) .
The display color analyzer (CA-310: manufactured by KONIC MINOLTA) is used to measure the light distribution of the exit pupil at the viewing distance. Normalized light intensity is shown in Fig. 10(a) . The blue line represents the light distribution of the left viewing zone for the left eye and the red line represents the light distribution of the right viewing zone for the right eye. The distance between the left and right viewing zone is about 60mm, which is equivalent to the distance between human eyes. As shown in Fig. 10(b) , calculated minimal crosstalk is about 6%, according to Eqs. (10) . Fig. 11 presents the schematic diagram of a camera serving as a measuring device (Nikon D3300, Exposure parameter: f/2.2, ISO-160, 1/33s) to simulate eye view. Its shootings from 12 perspectives are shown in Fig. 12 . One thing to note, parts of the Fig. 12 (f) and Fig. 12(g) are magnified for closer observation. We can see the circled parallax difference in between. When the left eye is in the viewing zone as shown in Fig. 12 (f) and right eye is in the viewing zone as shown in Fig. 12(g) , viewer will enjoy good 3D experience.
C. THE EVALUATION OF 2D/3D SWITCHING
Our prototype is a 2D/3D switchable one. In Fig. 13(a) , the image is displayed in 2D mode and the display resolution is equal to the physical resolution (3840 * 2160) of the LCD panel. While less than ideal, the display resolution would be reduced to 1920 * 1080 in 3D mode, as it shows in Fig. 13(b) . Experiment shows that our prototype can be not only used as a 3D display device, but also as a traditional 2D display device.
D. THE MEASUREMENT OF THE COLOR GAMUT
In the prototype, traditional white LEDs backlight module is replaced by QD backlight. The QD backlight consists of blue LEDs and QDP film. Test images of pure blue, green, red and white color used in experiment are shown in Fig. 14(a)-Fig. 14(d) with detailed RGB information.
When measuring the color gamut, the device is in 2D mode. CA310 is used to measure the color coordinates of 9 measuring points, which are evenly distributed on the screen, as shown in Fig. 14(e) . Two other commercial 3D displays (BENQ XL2707-B and View Sonic VX2268WM) are chosen as control group. In Table. 2, experiment results are presented; and in Fig. 15 , photos of test images on those displays are presented. Same camera mentioned above (Nikon D3300, Exposure parameter: f/5.6, ISO-100, 1/60s) is used for shooting. Difference between photos might appear slight, but it still observable.
According to Rec.2020, the color gamut of those three displays are drawn in the CIE1931 chromaticity diagram and the results are shown in Fig. 16 . Our stereoscopic prototype displays 77.98% color gamut, while BENQ XL2707-B and View Sonic VX2268WM achieve 55.69% and 54.37% repectively.
In terms of the reference white (D65) chromaticity coordinates (0.3127, 0.3290), the white coordinates of our prototype is (0.2612, 0.2497) and it remains tunable. The white coordinates of BENQ XL2707-B and View Sonic VX2268WM are (0.3077, 0.3215) and (0.3336, 0.3511).
The absolute photoluminescence quantum efficiency of the QD-polymer films, i.e. QDP down-conversion efficiency is about 80% (measured by a Horiba PTI Quanta Master 400). The concentration ratio between the red and green QD material is about 1:4. When the LCD panel displays different test images (As shown in Fig. 14(a)-Fig. 14(c) ), the spectrums of our prototype are recorded in Fig. 17 .
V. CONCLUSION
This paper introduces a wide color gamut autostereoscopic 2D-3D switchable display, which is based on eye tracking system and the application of dynamic subpixel arrangement method. Combined with the parallel computing method, this solution has further improved the real-time performance of our 3D display by reconstructing 3D images. And its use of Quantum-Dot material has greatly enhanced display quality. Based on the observation recorded, this 2D/3D switchable prototype clearly enjoys relative advantages in resolution, color gamut and crosstalk.
